Genomic DNA of calf thymus contains 1.5 times as much 5-methylcytosine as similar sperm DNA, but the major EcoRI repeat fragment from satellite I of thymus contains ten times as much 5-methylcytosine as the corresponding fragment from sperm DNA. Restriction enzyme analyses of the total DNA and the satellite I fragment show that three Hpall sites in the fragment are completely unmethylated in sperm but fully methylated in thymus DNA. Undermethylation of many sites in the satellite DNAs can probably account for the lower level of methylation of sperm DNA rather than hemimethylation as previously suggested. These results are also discussed in relation to maintenance and de novo (initiation-type) methylases.
INTRODUCTION
The availability of isoschizomers of restriction enzymes, which distinguish recognition sites on the basis of methylation of cytosine or adenine, have revived interest in studying the pattern of methylation of DNA in relation to its functional significance (1). Since most reports to date have shown that in eucaryotes DNA methylation is restricted mainly to cytosines in CpG doublets (2,3), the most useful enzymes for analysis of this DNA are the pair, Hpall and Mspl. Both enzymes recognize the sequence 5'-CCGG-3', but distinguish between the methylation of the cytosine residues (4). Mspl cleaves the DNA at the site even if one or both of the inner cytosines are methylated, but does not cut if one or both 5' cytosines are methylated (5). Hpall, on the other hand, cuts the sequences -CCGG-andm CCGG-, but not -(TCGG-(6). By using this pair of restriction enzymes and electrophoresis followed by Southern blotting and the use of probes for specific sequences, it has been possible to analyze DNAs for the methylation of specific CpG doublets. Results from these experiments suggest a correlation between methylation of these CpG sites and gene function in a particular cell type (7-9). The hypothesis being tested is that DNA methylation is correlated with reduced transcription, but the evidence so far is insufficient to draw definite conclusions. Part of the problem is that only a limited number of all CpG sites present can be tested for methylation by restriction enzyme analysis. For sequencing studies the cellular DNA is usually amplified by cloning in a bacterial plasmid, which results in the loss of the original methylation pattern. This leaves the repeated sequences as the only available material for direct analysis by sequencing.
Although the hypothesis concerning regulation of transcriptional activity may not be testable with most repeated sequences, the pattern of methylation in different tissues, the initiation and maintenance of these patterns, and the mutability of the 5-methylcytosine (m Cyt) containing base pair can be studied.
With these ideas in mind we have examined the DNA of bovine thymus and sperm to test a hypothesis that the reduced methylation of some mammalian sperm DNAs might be explained by strand asymmetric hemimethylation (10).
In conformity with a previous report (10) we found that thymus DNA contains about 1.5 times as much m Cyt as sperm DNA. However, at least for the Mspl/Hpall sites tested, this difference is not due to hemimethylation.
Bovine satellite I, density 1.714 g/cm (12), which is cut by EcoRI into segments of about 1400 base pairs (13-16), is very much undermethylated in sperm DNA compared to thymus DNA. The difference in methylation of the fragments from both tissues is large enough to suggest that reduced methylation of all highly repeated sequences could account for all or most of the difference in the level of methylation between total sperm and somatic cell DNA.
MATERIALS AND METHODS

Isolation of DNAs
Calf thymus DNA was isolated according to published procedures (17) 
Gel Electrophoresis
The digestion products were separated on 0.7% -1% agarose gels or on 5% -8% polyacrylamide gels. After electrophoresis, the gels were stained with ethidium bromide (0.5 yg/ml) in the running buffer (40 mM Tris-acetate (pH 7.5), 5 mM sodium acetate, 1 mM disodium EDTA) and photographed to show the bands. Restriction fragments from preparative digests were recovered from horizontal agarose gels by electrophoresis into hydroxyapatite, and subsequent elution of the fragment with 0.6 M sodium phosphate buffer (pH 7.5) over a Sephadex G-50 Column (19).
Base Analysis
Hydrolysis of multiple, small DNA samples to bases was performed as described earlier (20) 
RESULTS
Digestion of Total DNA
Digestion of total calf thymus and sperm DNA with enzymes that did not contain a CpG in their recognition sequence, resulted in an indistinguishable restriction pattern for both DNAs (Fig. 1) . When thymus and sperm DNAs were cut with Hpall, the banding pattern after electrophoresis in agarose gels shows, that the highly repeated DNA in thymus is methylated at several sites which are not protected in sperm DNA. After Mspl digestion the banding pattern for both DNAs is very similar, and comparable to the Hpall pattern of sperm DNA. This suggests that in the repeated sequences the CCGG sites are unmethylated in sperm and methylated at the inner cytosine in thymus DNA. The background smear in all lanes is produced by digestion of unique and moderately repeated sequences. In contrast to the highly repeated fraction, the unique and moderately repeated sequences show a similar size distribution after restriction of DNA from both tissues, but Mspl cuts to a much smaller average size than Hpall. This indicates that most CCGG sequences are methylated to the same extent in both tissues, but minor variations in methylation at specific sites cannot be detected in this way.
Digestion of the Major EcoRI Fragment
In order to obtain more information about the distribution of methylated CCGG sites in the highly repetitive DNA, we isolated the major band from preparative agarose gels after EcoRI digestion of both sperm and thymus DNAs (Fig. 2) . The fragment in this band has been shown to originate from satellite I (14). Typical yields with our isolation procedure were about 30 \ig of fragment DNA per mg original DNA. The isolated fragment was then subjected to further restriction analysis. Figure 3 shows the restriction pattern of the major EcoRI fragment from sperm and thymus DNA in the form of a scan of the polaroid negative of our ethidium bromide stained polyacrylamide gel. When the sperm fragment was cut with Mspl, four bands were observed, corresponding to fragment sizes of 620, « 330, 250, 185 base pairs, respectively. Peak I is due to contaminating DNA which is of similar size as the major EcoRI fragment and is therefore not separated from the fragment by preparative gel electrophoresis.
Hpall digestion of the sperm fragment yields a pattern similar to the Mspl digest. Peak IV, is less distinct, however, and peak II has a shoulder of higher molecular weight indicating that one site is sometimes protected from Hpall cleavage. As already seen in the digest of total DNA, the Mspl patterns of thymus and sperm fragments are very similar. However, as in the Hpall digest of the sperm DNA, peak IV is smaller than in the Mspl digest and a shoulder on peak II is observed. In addition, a peak of slightly lower molecular weight than peak V is observed. Hpall cuts the thymus fragment only partially and the broad peak around 300 base pairs suggests cutting at more than one of the sites. Since ethidium bromide fluorescence is not a quantitative measure of DNA concentration, these data cannot be used to determine relative efficiences of cutting at individual sites. In all experiments, control digests of SV40 DNA indicated complete digestion. Because only repeated sequences can be isolated with an intact methylation pattern in sufficient quantities for sequence determination, further studies on these satellite sequences may be justified even though the satellites are not known to be transcribed. Hopefully we will learn not only more about the stability of methylation patterns, but also about the mechanisms of their origin, i.e. the operation of initiation type methylases in higher cells.
